An investigation of the impact of rail pressure and biodiesel fueling on exhaust particulate agglomerate morphology and primary particle (soot) nanostructure was conducted with a common-rail turbocharged direct injection diesel engine. The engine was operated at steady state on a dynamometer running at moderate speed with both low (30%) and medium-high (60%) fixed loads, and exhaust particulate was sampled for analysis. The fuels used were ultra-low sulfur diesel and its 20% v/v blends with soybean methyl ester biodiesel. Fuel injection occurred in a single event around top dead center at three different injection pressures. Exhaust particulate samples were characterized with transmission electronic microscopy imaging, scanning mobility particle sizing, thermogravimetric analysis, Raman spectroscopy, and Xray diffraction analysis. Particulate morphology and oxidative reactivity were found to vary significantly with both rail pressure and biodiesel blend level. Higher biodiesel content led to an increase in the primary particle size and oxidative reactivity but had no impact on nanoscale disorder in the as-received samples. For particulates generated with higher injection pressures, the initial oxidative reactivity increased, but there was no detectable correlation with primary particle size or nanoscale disorder.
Introduction
The regeneration of diesel particulate filters-exhaust after-treatment devices used to reduce the emissions of particulate matter (PM)-strongly depends on the oxidative reactivity of the PM in the engine exhaust. The diesel PM is usually composed of hydrocarbons, or a soluble organic fraction (SOF), and an insoluble fraction, which predominantly consists of aggregates of primary soot particles. 1 Factors that contribute to the oxidative reactivity primarily include two aspects: (1) particle morphology, 2, 3 which describes a macro scale (hundreds of nanometers) structure of particle agglomerates, and (2) soot nanostructure, [4] [5] [6] which describes a micro scale (nanometer) structure inside a primary soot particle. Diesel particle agglomerates are composed of primary particles that are roughly spherical. Although both the mean diameter of the primary particles and its standard deviation have small variations within the engine operating conditions, 7 the primary particle diameter usually is treated as being uniform in size (monodisperse). 2 Meanwhile, the particle agglomerates often show irregular shape which may not be easily described with traditional terminology. Therefore, the quantitative description of the morphology of soot agglomerates has been a challenge. Nevertheless, recently researchers have begun to apply fractal geometries 8 in the investigation of diesel engine soot agglomerates and generated reliable quantitative observations. 2, [9] [10] [11] [12] Generally speaking, the morphology analysis of diesel particle agglomerates includes three aspects: (1) primary particle size, (2) fractal dimension of the agglomerates, and (3) particle size distribution of the exhaust gases. The first two analyses can be conducted based on transmission electronic microscopy (TEM) images of diesel PM obtained from thermophoretic sampling, 2 and particle size distribution information can be obtained with a scanning mobility particle sizer (SMPS). 13 The morphology of diesel particle agglomerates can affect their ability to adsorb unburned hydrocarbons. For instance, agglomerates with smaller primary particle size or lower fractal dimension will possess higher external surface area, which generally leads to increased adsorption of hydrocarbons and may consequently promote PM oxidation. 14 Another important factor that can determine the oxidative reactivity is the soot nanostructure and its degree of disorder, [4] [5] [6] [15] [16] [17] which includes the density of edge site carbons, graphene layer length, and tortuosity of the graphene layers. Because a carbon atom at an edge site is much more reactive than one in the basal plane of a graphene layer, and the carbon crystallites with narrower fringe length distributions and broader and larger tortuosity are more reactive, 18 understanding the soot nanostructure is critical to explaining soot oxidative reactivity.
It has been observed that engine operating conditions have a significant impact on both the morphology and nanostructure 9, [19] [20] [21] [22] [23] [24] [25] of soot particles. Lapuerta et al. 26 investigated the impact of engine operating conditions on the size of primary particles, and they found that primary particle size decreases with increased airfuel ratio and increased engine speed. However, no significant impact from exhaust gas recirculation (EGR) ratio was observed. In another work by the same authors, 9 they found that the decrease in air-fuel ratio also decreases the fractal dimension of soot agglomerates (e.g. fractal dimension increases with engine load). In contrast, engine speed did not have a significant impact on the fractal dimension. Zhu et al. 27 investigated the fractal dimension of soot agglomerates from both a light-duty and a heavy-duty diesel engine. They found that soot agglomerates from a light-duty diesel engine have lower fractal dimension. However, from a test by Neer and Koylu 21 with a medium-duty John Deere 5059T diesel engine, neither engine speed nor load was found to significantly affect agglomerate fractal dimension. Similar observations have also been reported by Soewono and Rogak, 22 who tested a VW 1.9-L four-cylinder turbocharged direct injection diesel engine and found no significant impact on fractal dimension from engine speed or load. In addition, Tsolakis 20 measured the particle size distribution with a heavy-duty single-cylinder direct injection diesel engine and found decreased mean particle diameter with high engine speed. Other researchers have investigated the impact of operating conditions on soot nanostructure. Braun et al. 24 tested soot nanostructure with a twostroke diesel engine. They found that soot from an idling condition is less ordered. Similar observations have also been reported by Soewono and Rogak. 22 Al-Qurashi and Boehman 25 investigated the impact of EGR ratio and observed that EGR soot is less ordered than non-EGR soot.
Besides operating conditions, both fuel properties and engine injection strategies can also affect the morphology and nanostructure of soot particles. The development of common-rail injection systems enables fine tuning of the fuel injection strategy, which includes the start of injection timing, injection pressure, and injection duration. In addition, the application of biodiesel fueling has generated wide interest in the impact of biodiesel on PM characteristics. 23,28-31 Smekens et al. 28 investigated the impact of biodiesel fueling on primary particle size of diesel engine soot agglomerates and found decreased primary particle size with biodiesel. Soewono and Rogak 22 conducted experiments with a B20 blend (20% v/v) of biodiesel and found no impact on fractal dimension either. Maricq 32 investigated the impact of biodiesel fueling on particle size distribution and found a slight increase in the number of smaller particles. Similar observations have also been reported in other places. 19, 20 Yehliu et al. 33 compared the oxidative reactivity of soot from a single fuel injection and a split fuel injection and found higher oxidative reactivity for soot from single injection strategy. Yehliu et al. 34 also found increased oxidative reactivity with retarded injection timing. Although Yehliu et al. suggested that fuel injection pressure had an impact on soot oxidative reactivity, detailed investigation of fuel injection pressure was not conducted. Mathis et al. 23 investigated the effect of fuel injection pressure on primary particle size and found a reduction in primary soot particle diameter when fuel injection pressure increased or start of injection advanced. They also investigated the impact of fuel injection pressure on particle size distribution and found the mean particle diameter significantly decreased with higher fuel injection pressure.
Other researchers have also investigated the impact of biodiesel fueling on soot oxidative reactivity. Boehman et al. 29 collected PM from the exhaust of a six-cylinder Cummins ISB 5.9-L direct injection turbocharged diesel engine, with both diesel fuel and a 20% blend soybean oil-based biodiesel. They applied thermogravimetry to analyze the oxidative reactivity of the soot particles (devolatized diesel PM) and found that the soot particles for B20 are more reactive than for diesel fuel, which suggests that the PM will more rapidly oxidize in a diesel particular filter. Song et al. 30 expanded this observation to pure biodiesel and used high-resolution transmission electronic microscopy (HRTEM) to confirm the faster oxidation of the soot from pure biodiesel (B100). Lapuerta et al. 31 compared oxidation reactivity and nanostructure of animal fat biodiesel-and diesel-derived soots. Li et al. 12 investigated the impact of fuel injection duration on soot nanostructure and observed no significant difference in the degree of disorder between different injection durations. Yehliu et al. 35 applied an image processing algorithm to quantify the initial nanostructure of soot particles from HRTEM images, and they found more short and curvy graphene layers in soot from biodiesel combustion, that is, the biodiesel soot has a higher oxidative reactivity due to its higher degree of disorder, 4-6 given a carbon atom at an edge site is much more reactive than one in the basal plane of a graphene layer.
Despite the aforementioned studies, the number of thorough investigations of fuel injection pressure combined with biodiesel fueling on PM characteristics, including agglomerate morphology and soot oxidative reactivity, is still limited, and no unanimous conclusion can be summarized from previous observations. A better understanding of the effects of fuel injection pressure and biodiesel fueling can significantly benefit the design of fuels and engine injection strategies to control PM emissions. Therefore, this work investigates the impact of fuel injection pressure and biodiesel fueling on PM morphology and oxidative reactivity.
Experiment methods

Engine and test fuel
Engine tests were performed with an eight-cylinder 6.4-L Ford ''Powerstroke'' turbocharged direct injection diesel engine. The engine was equipped with two variable geometry turbochargers and a common-rail fuel injection system (180 MPa maximum injection pressure, maximum of five injections within one combustion cycle). The injection strategy was controlled through an electronic interface (ETAS 590) using Inca v6.1 software. The engine has a maximum brake power of 261 kW at 3000 r/min, and a peak torque of 881 N m at 2000 r/min. The compression ratio is 17.2. The original engine calibration complied with EPA Tier 2 Bin 9 emission standards. Table 1 summarizes the engine specifications.
The baseline fuel for this test is ultra-low sulfur diesel fuel (ULSD), and a B20 blend (v/v %) using soybean methyl ester (SME)-based biodiesel obtained from PeterCremer, L.P. was also used. The B100 used in the experiment primarily consisted of 53.6% methyl linoleate (C18:2), 25.8% methyl oleate (C18:1), 2.8% methyl stearate (C18:0), and 17.8% methyl palmitate (C16:0). The composition was measured by gas chromatography.
The engine was operated at a steady speed of 1500 r/ min, and two load conditions were tested: 30% and 60% of the maximum torque. A single fuel injection at 1°before top dead center (BTDC) was used (the injection timing was calibrated by the manufacturer). Three fuel injection pressures for each load were tested. At 30% load, the fuel injection pressures were 50, 75, and 100 MPa; at 60% load, the fuel injection pressures were 75, 100, and 125 MPa. EGR was maintained at a level of 10% through engine EGR valve control and calibration via a gaseous emissions bench. Table 2 summarizes the operating conditions used in this study.
Particulate sampling
For PM (pre-denuded particulates) morphology and soot (post-denuded particulates) nanostructure analyses, diesel particulates were collected onto TEM and HRTEM grids, respectively, with a thermophoretic sampling apparatus similar to that used by Lapuerta et al. 2 Both TEM and HRTEM grids are cub grid with carbon mesh. The TEM grid was mounted at the tip of the apparatus, which was inserted into the raw exhaust gases when the engine was running. The sampling time was 0.6 s, and the grid plane was controlled to be parallel to the flow direction to prevent direct particle impact. The temperature at the exhaust sampling location is about 400°C. For bulk soot characterization, a vacuum pump was used to draw exhaust gas through a Teflon filter for PM collection. Before sampling, the engine was maintained at steady state for 15 min. The time for each collection was 45 min. PM was gently scratched off the filter after filtering the exhaust. Since raw PM collected from engine exhaust includes both soot and some amount of adsorbed hydrocarbons, a thermal treatment procedure was employed before the analysis of the soot particles. The PM pretreatment and oxidation method is outlined in Table 3 . The raw particulates were placed in a Perkin Elmer TGA 7 thermogravimetric analysis (TGA) under a nitrogen environment. The temperature was ramped at a speed of 5°C/min to 450°C and maintained at an isothermal condition for 30 min to ensure most hydrocarbon removal before returning to room temperature. A detailed description of the sampling and pretreatment procedures can also be found in Yehliu et al. 33, 34 and Seong and Boehman 36 Analytical methods PM morphology analysis. The grids collected via thermophoretic sampling were loaded onto a single-tilt holder and analyzed in TEM mode using a JEOL EM-2010F with a field emission source at 200 kV accelerating voltage. All images were taken in a Gatan Digital Micrograph with a slow scan charge-coupled device (CCD) camera using 150 mm condenser aperture size.
The procedure for morphology analysis followed the work of Lapuerta et al. 2 Given that this analysis required a large amount of sample for the measurements to be statistically significant, TEM samples were examined to produce more than 25 images at random locations on the grids to characterize a large quantity of particle agglomerates. Based on the TEM image pool, 10 images that clearly showed the primary particles for each sample were chosen to assess the size of the primary soot particles. For each chosen image, 10 random primary particles were chosen to measure the size. Hence, for each sample, a total of 100 primary particles were measured, from which the average and standard deviation were calculated.
Fractal dimension analysis was applied to each sample for all the TEM images acquired. The calculation of fractal dimension required an initial background removal procedure and input of primary particle size obtained in previous step. An iteration procedure was conducted to reach a converged fractal dimension result. Detailed description of the method can also be found in Lapuerta et al. 2 A TSI 3936 SMPS was used to analyze the exhaust particle size distribution. The SMPS instrument included a TSI series 3080 electrostatic classifier with a differential mobility analyzer (DMA), a series 3776 condensation particle counter (CPC), and a TSI series 3065 thermal denuder. A PC running Aerosol Instrument Manager Software collected and managed the sampled data. The dilution ratio of the SMPS sample is 100:1. Three tests were conducted for each mode. The reported result was the average value of three tests. In addition, a thermodenuder was used to remove the condensable hydrocarbons in the exhaust gases to examine the solid phase of the aerosol in the engine exhaust.
Soot oxidative reactivity analysis. An SDT Q600 thermogravimetric analyzer from TA Instruments was employed to evaluate soot oxidative reactivity. Each raw diesel PM sample was placed in a 90-mL alumina crucible and was heated at a rate of 10°C/min to 500°C and kept for 60 min to drive off volatile compounds under N 2 gas at a flow rate of 100 cm 3 /min. After 30 min of isothermal treatment, the sample was heated at a rate of 5°C/min to 550°C. Then the flow gas was switched to ultra zero air (99.8% purity) at a flow rate of 100 cm 3 / min for isothermal experiments. The mass loss of each sample during isothermal oxidation was normalized with respect to the weight after thermal treatment, and the normalized mass loss was compared for each sample to evaluate soot oxidative reactivity. Two repeated tests were conducted for each sample.
Soot nanostructure. Soot nanostructure was analyzed with Raman spectroscopy and X-ray diffraction (XRD) techniques. Although a TEM image processing methodology has been developed to investigate soot nanostructure, 35 the technique was not employed here due to the similarity of information one could obtain from Raman and XRD. It should be noted that in some reported results, Raman spectroscopy of soot samples may not yield conclusive results to explain trends in oxidative reactivity, as seen by Al-Qurashi and Boehman 25 in earlier work and recent work by Agudelo et al. 37 A confocal Raman spectrometer (WITec CRM200) was used to determine the degree of disorder of the soot samples. The excitation laser was an Argon ion laser (l = 514.5 nm), focused onto the sample using a Isothermal for 60 min (to remove VOF) 5
Ramp 5°C/min to 550°C 6
Isothermal for 5 min (to stabilize the sample) 7
Select zero air (100 cm 3 /min) 8
Isothermal for 150 min microscope objective lens (100 3 or 40 3 ). The scattered light was collected by the same objective lens collected in a backscattering configuration (180°). The microscope is equipped with an XY stage, driven by piezo-electric actuators, for selecting the sample area of interest. The spectrum collection method is configured by setting the integration time (s), software accumulations, and hardware accumulations in the WITec Project software. All spectra were collected at the same source power level and post-processed via Igor Pro 6.22 (Wavemetrics Inc.). The software was used for the determination of spectral parameters. The Raman spectra were first corrected by a linear baseline. Then, the corrected spectra were curve fitted by three Lorentzianshaped bands (1580, 1350, and 1200 cm 21 ) and one Gaussian-shaped band (1500 cm 21 ) based on the approach by Sadezky et al. 38 and later employed by Seong and Boehman. 36 The ratio of area of Peak D1 over Peak G (A D1 /A G ) and Peak D1 full width at half maximum (FWHM) can represent the density of edge sites 39 and the distribution of crystalline sizes, 40 respectively. According to the investigation by Seong, 41 those two values correlate with the soot oxidative reactivity; hence they will be employed for the investigation in this work. A total of five locations for each sample were investigated. The reported results were averaged data from the four locations. XRD patterns of soot samples were collected using a PANalytical X'Pert Pro MPD u=u goniometer with Cu-Ka radiation and fixed slit incidence (0.5°divergence, 1.0°anti-scatter, specimen length 10 mm) and diffracted (0.5°anti-scatter, 0.02 mm nickel filter) optics. Samples were prepared by the back-loading method in which a powder sample is pressed into the cavity of a quartz low-background support. The data were collected at 45 kV and 40 mA from 5°to 110°2u using a PIXcel detector in scanning mode with a position sensitive detector (PSD) length of 3.35°2u and 255 active channels for a duration time around 1 h. Resulting patterns were corrected for both 2u position and instrumental peak broadening using NIST 640c silicon and analyzed with Jade + 9 software by MDI. Using Jade + 9 software, the FWHM was manually postprocessed for (002) and (10) peaks with a linear background for five times, and they were averaged. The crystallite height (L c ) and crystallite width (L a ), which can be used to indicate the carbon degree of disorder, were calculated from (002) and (10) peaks, respectively, from their FWHMs using Scherrer's equations as follows
where K a = 1.84, K c = 0.9, u is the Bragg's angle (the angle between the atomic planes and the incident X-ray beam), B a = FWHM from (10), and B c = FWHM from (002).
Results and discussion
Morphology analysis
We have acquired more than 100 TEM images of the PM. Given the limitation of space, Figure 1 only presents two examples of the TEM images. Although there are only two examples presented here, these images are consistent with the general trend between diesel and B20 PM, which will be detailed in a later section. Figure 2 presents the comparison of primary particle sizes between diesel and B20 soot. The result suggests that neither engine load nor fuel injection pressure can significantly affect the primary particle size. This insignificant impact of engine load on primary particle size contradicts previous observations by Lapuerta et al., 26 who observed that the higher fuel-air ratio increases Figure 1 . Examples of TEM images of particulate matters; left is diesel soot at 500 bar injection pressure with 25% load; right is B20 soot at 500 bar injection pressure with 25% load. the size of primary particle due to weakened mixing. However, they also suggested that higher in-cylinder temperature can decrease the primary particle size. Hence, a combined effect of higher fuel-air ratio and higher in-cylinder temperature may be the reason for the insignificant change in primary particle size with engine load observed here. The insignificant impact of fuel injection pressure also differs with previous observations by Mathis et al., 23 who claimed a reduction in primary particle size with increased fuel injection pressure. The lower EGR level (10%) used in this work may be a contributing factor to the differences with the past work, and it is also possible that the impact of engine conditions on soot primary particle size is engine dependent. Nevertheless, it is acknowledged that the number of studies on fractal analysis of diesel engine soot is limited.
For B20 soot particles, no significant impact of fuel injection pressure or engine load on primary particle size can be observed either. The primary particle sizes of B20 soot appear to be 35%-40% higher than diesel soot. Although Smekens et al. 28 claimed similar primary particle size with biodiesel fueling, the primary particle sizes are consistent with observations by Smekens et al. 28 of around 30 nm. Again, it is possible that the impact of biodiesel fueling on soot primary particle size is engine dependent, and further investigation is needed to thoroughly understand the impact of engine conditions and biodiesel fueling on soot primary particle size. Figure 3 compares the fractal dimension between diesel and B20 soot at different fuel injection pressures and engine loads. The fractal dimensions were calculated following the method provided by Lapuerta et al., 1 For both diesel and B20 soot, the increase in fuel injection pressure decreases the fractal dimension by 5%. In addition, an increase in engine load significantly increases the fractal dimension by 10%, which is consistent with other research. 9 It can also be observed that biodiesel fueling does not have a significant impact on soot fractal dimension, which is consistent with previous research by Soewono and Rogak. 22 Since the fractal dimension characterizes the structure of soot agglomerates, which are formed through the collision of soot primary particles and smaller agglomerates within the soot forming zone of the spray flame, 42 a possible reason for the higher fractal dimension at higher load and lower injection pressure could be the 30°C-50°C higher temperature in the exhaust flow, where the restructuring and collision of soot agglomerates happens. Mikhailov et al. 43 investigated the impact of temperature on the restructuring of oil soot and found that at higher temperature the soot will restructure to less anisotropic structure, that is, higher fractal dimension. Since biodiesel does not significantly affect the adiabatic flame temperature, 44 no significant impact on the fractal dimension with biodiesel fueling was expected. Figure 4 presents the comparison of the number of primary particles from fractal analysis. It can be observed that the number of primary particles increases with higher engine load, but decreases with higher fuel injection pressure. This is consistent with other investigations by Lapuerta et al. 9 In addition, the linear decrease with pressure is more apparent with diesel than B20 fueling. A more comprehensive investigation of particle number relies on SMPS, from which data are provided in Figures 5-8 . Figure 5 presents the particle size distributions of diesel and B20 exhaust at 30% and 60% load, before Figure 2 . Primary particle sizes for both diesel and B20 soot from TEM image morphology analysis. The error bar represents the standard deviation of the measurements from randomly selected particles and is an indication of the range of primary particle sizes presented in the particle aggregates. and after the thermodenuder which was operated at 400°C. For 30% load exhaust before the thermodenuder, the particle size distributions show symmetric peaks in a semi-log plot (linear y-axis scale and log xaxis scale). The peak at smaller particle diameters is predominantly hydrocarbon droplets, that is, the nucleation mode peak, and the peak at larger particle diameters is predominantly exhaust particle aggregates, that is, the accumulation mode peak. 13 It can be observed that an increase in fuel injection pressure can decrease the accumulation mode peak while increasing the nucleation mode peak. This can be due to the better mixing of the fuel-air mixture from increased fuel injection pressure. In addition, a slight decrease in the particle concentrations and mean particle diameter can be observed with biodiesel fueling, which is consistent with other studies. 20, 32, 45 These results are consistent with the trends of the number of primary particles presented in Figure 4 . For 60% load before the thermodenuder, the nucleation mode peaks dominate the particle size distribution. Consistent with the results from 30% load, an increase in the nucleation mode peak can be observed with higher fuel injection pressure.
The function of the thermodenuder is to remove the hydrocarbon content in the exhaust gases. For 30% load exhaust after the thermodenuder, as shown in Figure 5 , the nucleation mode peaks (predominantly hydrocarbon droplets) have been significantly reduced and the accumulation mode peaks (soot-based particulate) are more apparent. Meanwhile, higher fuel injection pressure seems to lead to a slightly lower accumulation mode peak. It can also be observed that biodiesel fueling appears to slightly decrease the accumulation mode peak, consistent with prior studies. 20, 32, 45 The impact of both increased fuel injection pressure and biodiesel fueling can be seen as reducing the amount of soot precursor mass within the spray flame that is available to grow soot primary particles and grow ordered primary soot particles. For 60% load after the thermodenuder, an increase in fuel injection pressure appears to slightly decrease the accumulation mode peak, and the reduction in accumulation mode peak from biodiesel fueling is more significant at 60% load. One can also observe that the particle number concentration at higher engine load is lower than that at lower engine load. Intuitively this seems to be contrary with the trend of the number of primary particles presented earlier, but it should be acknowledged that even though the number concentration of particles in the exhaust is lower for higher engine load, an increased flow rate at higher engine load can lead to an increase in the emissions of total PM. Figure 6 presents an example of the TGA procedure. The raw particulates collected from engine exhaust were devolatized under nitrogen at 500°C for 60 min before oxidation in air under isothermal conditions at 550°C for 150 min. Figure 7 presents the TGA result for diesel and B20 soot from 30% load. It appears that the fuel injection pressure has a significant impact on the soot oxidative reactivity for both diesel and B20 soot. The increase in fuel injection pressure from 50 to 75 MPa significantly increases the oxidative reactivity, and further increasing the fuel injection pressure to 100 MPa increases the oxidative reactivity, though not as significantly as the change from low to moderate fuel injection pressure. Consistent with other investigations, 29, 30, 35, 46 the oxidative reactivity of B20 soot is higher than for diesel soot, given the same fuel injection pressure. As explained by Vander Wal and Mueller, 18 the increase in fuel oxygen content can increase the degree of amorphous nanostructure with narrower fringe length distributions and broader and larger tortuosity. [14] [15] [16] As shown by Vander Wal and Tomasek, 47,48 a more amorphous soot nanostructure with shorter fringes and larger tortuosity correlates with increased oxidative reactivity. Figure 8 presents the TGA result for diesel and B20 soot from 60% load. The general observations for the behavior of oxidative reactivity of soot from 60% load are similar to the 30% load: an increase in the fuel injection pressure can increase soot oxidative reactivity, and at the same fuel injection pressure B20 soot has a higher oxidative reactivity than diesel soot. Increasing injection pressure from 75 to 100 MPa has a larger effect than that from 100 to 125 MPa, which might suggest limited improvement on fuel mixing at rail pressure higher than 100 MPa. Soot nanostructure depends on its formation conditions, such as temperature and residence time. 47 Vander Wal and Tomasek 48 observed that soot formed at 1250°C in a furnace appeared to have an amorphous nanostructure, while soot formed at 1650°C shows a graphite-like nanostructure. Both Al-Qurashi and Boehman 25 who observed higher disorder for EGR soot compared with non-EGR soot, and Braun et al. 24 who observed higher disorder for soot from idle claimed that cylinder temperature is the key factor that determines soot crystalline structure. However, Seong and Boehman 36 thoroughly investigated the impact of engine cylinder temperature and adiabatic flame temperature on soot oxidative reactivity by intake oxygen enrichment and found increased oxidative reactivity both for soot from lower adiabatic flame temperature combustion and for soot from combustion at similar adiabatic flame temperature. Meanwhile, in another investigation about the degree of disorder of soot collected from a diffusion flame burner by the same authors, 41 they concluded that it was the soot inception time that determined the soot's degree of disorder: the longer the soot inception time, the more amorphous the soot particles. This statement is consistent with various experimental observations since soot inception time is shortened with increasing flame temperature due to the enhanced soot formation, and oxygenated fuel combustion has prolonged soot inception time due to decreased soot precursor concentration. [49] [50] [51] Hurt et al. 52 in their investigation of the nanostructure of primary soot particles using thermodynamic analysis found that during soot formation, the nanostructure has a ''self-organization'' feature, that is, it will transform itself into a more ordered state to decrease the total energy, given that soot precursors always possess more disordered structure than mature soot particles. 53, 54 Hence, the reason that longer soot inception time corresponds to a higher degree of disorder of soot particles may be due to a decreased time for soot self-organization, which can leave more amorphous (original state of soot precursors) soot particles. In the present investigation, both higher fuel injection pressure (introducing stronger air entrainment) and biodiesel fueling can improve the airfuel mixing and hence reduce the concentration of soot precursors, which will prolong the soot inception time and lead to more disordered carbon structures in the soot.
Analysis of soot oxidative reactivity and nanostructure
Since soot oxidation is a reaction between carbon and oxygen, a simple first-order kinetic model can be employed to describe the mass consumption rate [55] [56] [57] [58] 
where m is the mass of soot, k c is the rate constant of carbon-oxygen reaction (unit of 1/time), C O 2 is the concentration of oxygen, and C as is the concentration of active surface sites. The active surface site parameter is included in the model since it (characterized as active surface area 59 ) has been observed to affect the oxidation rate 15, 16, 25, 56, 60 due to its significant role in the oxygen diffusion rate. 14, 15, 61, 62 During the TGA, a stable flow of air was fed into the environment; therefore, the concentration of oxygen can be considered as a constant. This reorganization reduces equation (3) into a firstorder chemical kinetic model if one defines an apparent reactivity as
Then equation (3) becomes
Re-arrange equation (5) as
where m 0 is the initial mass weight of the soot sample. Equation (6) indicates that in a semi-log plot (linear scale in x-axis and log scale in y-axis) of time versus m/ m 0 , the slopes of the curve represent the apparent reactivity; in other words, the absolute value of the firstorder derivative of a t versus ln (m=m 0 ) plot will be the apparent reactivity. Based on this consideration, the apparent oxidative reactivity was calculated, as shown in Figure 9 .
Immediately one can observe that the apparent reactivity changes with burn-off, which is consistent with various previous studies. [58] [59] [60] 63 Meanwhile, the change in apparent reactivity varies for soot produced from different fuel injection pressures. The diesel soot with the lowest fuel injection pressure appears to give an apparent reactivity which is not significantly affected by the burn-off. With increased fuel injection pressure, the apparent reactivity tends to increase with burn-off.
This increase in reactivity may be due to the increase in the active surface area with burn-off, which has been observed previously. 60, 63 The consumption of carbon atoms at particle core during oxidation, which could expand the surface size and consequently increase the area that can be bound with oxygen, can contribute to the increase in active surface area. 59 It can also explain why the apparent reactivity of soot from higher fuel injection pressure (or biodiesel fueling) has a faster increase than the soot from lower fuel injection pressure (or diesel fueling) since they possess higher oxidative reactivity, that is, carbon consumption rate.
For the highest fuel injection pressure, the reactivity of soot shows an initial increase with burn-off but a decrease when the burn-off is close to completion. This Figure 9 . Apparent oxidative reactivity of (a) 30% and (b) 60% load, diesel and B20 soot.
kind of reduction in reactivity at very high burn-off has also been reported by Song et al. 30 They concluded that the oxidation of a high reactivity soot particle follows an internal burning process, forming hollowed structures. The residual carbon shell at high burn-off then tends to undergo a coalescence process due to physical factors to minimize strain energy. This physical coalescence process may act to decrease active surface area, leading to a decrease in apparent reactivity. In fact, this decrease in active surface area at high burn-off for certain soots has also been reported by Cheng and Harriott. 60 To investigate this observation, Raman spectroscopy is applied to the soot samples. Figure 10 shows the ratio A D1 =A G with fuel injection pressure for both diesel and B20 soot, and Figure 11 shows the D1 FWHM values with fuel injection pressure for both diesel and B20 soot. Although Seong 41 claimed that the ratio of A D1 =A G and D1 FWHM can be correlated with soot oxidative reactivity, this correlation has not been observed in this work. In this work, no unanimous trends from Raman analysis can be observed corresponding to the oxidative reactivity. As has been reported in some recent and prior work, although Raman spectroscopy can be used to detect graphene layers defects, it is extremely difficult to accurately determine what kinds of defects are affecting oxidation reactivity. Song et al. 30 and Al-Qurashi and Boehman 25 Figure 10 . A D1 =A G ratio with fuel injection pressure for both diesel and B20 soot. observed that Raman analysis gave inconsistent results between oxidation behavior and the characteristics of the ''as-received'' soot samples.
To verify the analysis from Raman spectroscopy, Figures 12 and 13 provide the results from XRD, which essentially can provide similar information to Raman analysis, given the crystallite size obtained from XRD results can indicate the degree of disorder of the soot particles. Figure 12 presents the average crystallite widths (L a ) for both diesel and B20 soot with various fuel injection pressures. A smaller L a value generally indicates smaller crystallite size, that is, more amorphous soot particles. Similar to the Raman result, the crystallite widths of soot particles do not show any unambiguous trends with either biodiesel fueling or the change of fuel injection pressure. Figure 13 presents average crystallite heights (L c ) for both diesel and B20 soot with various fuel injection pressures. Similar to crystallite width, a smaller L c generally indicates smaller crystallite size, and no clear trends can be observed.
Both Raman and XRD results suggest similar carbon structures for soot from all fuel injection pressures. The reason may be that both Raman and XRD spectra essentially show the averaged results for the whole carbon structure of the particles. The soot from high fuel injection pressure is composed of both a highly disordered and a highly ordered portion, while soot from low fuel injection pressure is composed of more uniform and moderately ordered particles. This leads to higher initial reactivity but to lower reactivity after burn-off for soot from higher fuel injection pressure. These kinds of structures may not show significant differences in Raman analysis. It may be the case that at high fuel injection pressure, there is longer soot inception time, leading to more disordered initial structure. Meanwhile, the high in-cylinder temperature from high fuel injection pressure promotes the self-organization process. 52 Although the time for self-organization is shorter, the organized portion of carbon structure may approach a more ordered state than that at lower temperature. As Hurt et al. indicate, what is required to undergo this self-organization, which they describe as a rapid shift to an ordered shell-core structure, is sufficient time, temperature, and soot precursor mass. With these conditions, the soot will snap to the ordered, equilibrium structure in which the graphene layers are edgealigned and face-aligned. For low fuel injection pressure, there is short soot inception time, leading to longer selforganization time, that is, the self-organization process dominates the final carbon structure, while the incylinder temperature during the self-organization is lower. This can lead to a more uniform degree of disorder. Hence, the average reading of these two structure patterns may be similar to each other, but the oxidative reactivity could be significantly different. This theory may also help in the explanation of decrease in oxidative reactivity at high burn-off ratio (high ordered structure left) for soot from higher fuel injection pressure. To fully verify the aforementioned hypothesis, active surface area and soot carbon crystalline structure analysis with burnoff should be conducted at different extents of burn-off.
Conclusion
For the engine and operating conditions investigated here, the morphology and oxidative reactivity of the diesel exhaust particulate showed significant but complex correlations with biodiesel level and fuel injection pressure. Primary particle size increased with biodiesel level, but there was no significant impact on primary particle size from engine load and fuel injection pressure. The nucleation mode peak in the particle size distribution decreased and the accumulation mode peak increased with decreasing fuel injection pressure. Fractal dimension of the agglomerates did not change with biodiesel level but increased with higher engine load and lower injection pressure. Biodiesel fueling appeared to slightly decrease the overall particulate concentration in the exhaust gas. Particulate generated with 20% biodiesel had higher initial oxidative reactivity than particulate generated with conventional diesel alone. Higher fuel injection pressure also generated more reactive particulate. Raman and XRD analysis did not reveal any correlation between particulate nanostructure and oxidative reactivity.
Taken together, the multiple characterizations of diesel particulates in this study confirm that the relationships among engine operation, fuel type, and particle morphology and reactivity are quite complex. In this case, it appears that the effects of fuel injection pressure and biodiesel were mostly confined to length scales larger than the primary particles and had little influence on nanostructure. Nevertheless, it appears that the larger length scales are important in determining oxidative reactivity.
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